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ABSTRACT 
The two most widely extended mountain grasslands in Europe (Nardus-mat grasslands 
and chalk grasslands) are distributed forming complex patterns. In the Ordesa and 
Monte Perdido National Park (Central Pyrenees, NE-Spain), they grow as secondary 
pastures within the treeline ecotone at the subalpine belt. This work aims to show the 
influence of soil properties on the spatial distribution of these pastures, under a dynamic 
geomorphology. Soils are sampled under both grasslands, which grow on different 
cumulative levels: Nardus-mat grasslands in the upper level (L1) and chalk grasslands 
in the lower level (L2). Soils in L1 have a significantly higher acidity, lower soluble 
ions and exchangeable calcium content than those in L2, reflecting a more intense 
leaching process, consistent with a longer period of slope stability. Qualitative 
differences are detected in the soil organic matter of the soil, using carbon and nitrogen 
isotopes, lighter in L2 soils than in L1 soils, due to a higher proportion of legumes 
growing in L2 (chalk grasslands). Soils in L1 and L2 shared many physical properties, 
such as a fine and homogeneous texture in the whole profile (silty clay or silty clay 
loam), and high aggregate stability and porosity in the topsoil. In contrast, the soils in 
L2 are shallower than in L1, which reduces their water-holding capacity. The soil is 
classified as Orthoeutric Cambisol (Clayic, Humic) in L1 but its rejuvenation, by gully 
erosion, transforms it into an Hypereutric Leptosol (Loamic, Ochric) in L2 (Typic 











Definitely, the distribution of both grasslands for the studied area is linked to two 
cumulative levels of different ages, which in turn is strongy related to different soil 
properties. 
Keywords:  
Cumulative levels, Nardus-mat grasslands, Soil formation, Soil classification, Late 
Holocene 
1. Introduction 
Soil formation is a function of parent rock, climate, vegetation, age of the terrain, and 
topography (Bockheim et al., 2014). Variations in these factors influence soil properties 
and, as a result of a process of adaptation to the environment, also the plant species 
distribution changes. The most widely extended grasslands found in the alpine 
mountains of Europe, and specifically in the Central Pyrenees (Gómez, 2008), seem to 
be distributed forming an apparently random mosaic under the same altitude, climate, 
rock, face of the slope, and stocking rate. This is the case for the tussock-forming grass 
Nardus stricta (hereafter Nardus-mat grassland), which is poor in terms of both species 
richness (<20 sps) and nutrient quality, and is a grass indicator of acid soils (Braun-
Blanquet, 1948; Körner, 2003). This grassland grows besides other high diversity 
grassland (>40 sps) with plants of high fodder value, e.g. Lotus corniculatus, Medicago 
suffruticosa, Plantago media, Trifolium sp.pl. (hereafter, chalk grasslands) (García-
González and Gómez-García, 2014; San Miguel, 2001). In the past, it was common to 
look for the relationship between plant communities and soil properties (Braun-
Blanquet, 1948) but there are many gaps in the knowledge of grasslands-soil 
relationships (Badía et al, 2002a; Fillat et al., 2008). In a general context, a strong 
influence of geomorphology on plant distribution has been identified (Birkeland, 1999), 
which in turn has to be connected to some changes in some soil properties. Even small-
scale variations in topography modify plant species richness and composition due to 
changes in soil nutrient distribution (Badía et al., 2008a; Ford et al., 2007; Ehler et al., 
2019), mineralization rates (Pintaldi et al., 2016), soil texture (Grab, 1997) or bulk 
density (Bueno et al., 2013). These microtopographic alterations can be related to 
bioturbation (Bueno et al., 2013; Ehler et al, 2019,), cryoturbation (Pintaldi et al., 2016) 
or different erosion processes related to climatic changes or anthropic activities 
(Świtoniak, 2014). In the subalpine Central Pyrenees, the distribution of those types of 
grasslands seems to coincide with different cumulative levels, separated by an 











were reclaimed from the original forest, whose limit (treeline ecotone) on the southern 
face of the Central Pyrenees could reach up to 2100 masl, to increase the pasture area 
and to extend the period of time in which pastures were used (Fillat et al., 2008; 
Montserrat-Martí, 1992; Laborda et al., 2017; Vanniére et al., 2001). These man-made 
grasses appear to be the origin of the term "alpine" itself in different languages used by 
farmers in the Alps (Körner, 2003). This human intervention, coinciding or not with any 
past glacial event in the Pyrenees Massif, may favour the activation of erosive 
processes, which could have important geomorphological effects in the area (García-
Ruiz et al., 2014) as well as in other European sites (Henkner et al., 2017). Either from 
an anthropic or climatic origin, landslide forms are concentrated in the area most 
affected by deforestation in the Central Pyrenees, at 1800 - 2200 masl (González et al., 
1995). Furthermore, according to the same authors, these erosive forms were not found 
in non-deforested areas located at the same altitude. 
 
 Based on these considerations, the aims of this work are as follows: (a) to 
describe the main Holocene sedimentary records, by means of a geomorphological map, 
paying special attention to the cumulative levels related to the potential soil formation, 
(b) to characterize the soil physical and chemical properties and soil formation that 
determine the distribution of the two most widely spread grasslands in Europe growing 
on those main cumulative levels and (c) to identify how soil properties leave their mark 
on soil classification, using the last versions of taxonomic systems (WRB and Soil 
Taxonomy) 
 
2. Study Area 
 
 The study site is located in the subalpine belt, approximately 1900 meters above 
sea level (masl), in the grasslands of La Estiva, in Ordesa and Monte Perdido National 
Park (PNOMP), in the central sector of the Pyrenees, NE Spain (Fig. 1). 
 
Fig. 1. Location of the zone of study (La Estiva), in the Ordesa and Monte Perdido 
National Park, Central Pyrenees, north-eastern Spain. 
 
 In the nearby Fanlo-Góriz meteorological station, which is located at 2200 masl, 











(for the period 1982-2017). By season, the average precipitation exhibits a maximum of 
568.4 mm in autumn, a secondary value of 434.1 mm in spring, and a minimum of 
345.8 mm in winter, quite similar to that in summer (Serrano-Notivoli et al., 2018). The 
mean annual temperature in summer (June, July and August) is 12.1ºC, and the mean 
temperature in winter (December, January and February) is -0.3ºC. The snow period in 
the study site begins in October and ends in May (Fillat et al, 2008). According to 
climatic data, we can assume that soils covered by grasslands, not saturated, and 
without an O-horizon, will have a mean annual temperature lower than 8ºC 
(approximately 5ºC) and a mean annual summer soil temperature lower than 15ºC 
(approximately 12ºC), both temperatures measured at a depth of 50 cm from the soil 
surface (cryic class). The well-distributed annual rainfall by season, which is higher 
than evapotranspiration, allows water to move downward through the soil in normal 
years (udic class). Therefore, the soils at this altitude will have a udic moisture regime 
and a cryic temperature regime, according to the Soil Taxonomy (ST) classification 
(SSS, 2014). 
 From a geological point of view, this sector of the Central Pyrenees, the tallest 
calcareous massif in Europe, has an alpine mountain landscape resulting mainly from 
glacial processes and karstification. The most important outcropping materials in the 
study area are from the Ilerdian, Eocene (Samsó-Escolà and Robador-Moreno, 2018). 
At the elevation of soil sampling, bioclastic limestones with silex can be found from the 
middle and lower Ilerdian (Goriz Fm., Gallinera Group). At higher altitudes, other rocks 
overlap, such as marls, marlstones and grey lutites (Middle Ilerdian, Millaris Fm.) and 
limestone, marlstone and lutites (Middle and Upper Ilerdian, Metils Fm.). 
Geomorphologically, the relief is a convex-concave slope linking downslope with the 
flat surface of the strongly karstified bioclastic limestones, with numerous karrenfields, 
caves, sinkholes and fissures (Samsó-Escolà and Robador-Moreno, 2018). Although the 
upper and lower parts of the slope are practically without any sedimentary cover, in the 
middle and some low sites, there are two cumulative levels (L1 and L2), separated by an 
erosive escarpment 1.5 m high, with: 1) at the upper level (L1), the Nardus mat-
grasslands and 2) at the lower level (L2), a diverse grassland that is mixed with 
limestone outcrops (hereafter, chalk grassland). The dense tussock-forming grass 
Nardus stricta (in L1) are poor in terms of nutrient quality (García-González and 
Gómez-García, 2014) and diversity (species richness<20 sps and Shannon index <2.5) 











chalk-grasslands (in L2), although with less coverage than Nardus mat-grasslands, are 
composed by a greater diversity of species (>40 sps and a Shannon index >4), and with 
a high fodder value, both grasses (e.g. Festuca nigresecens. Poa spp., Agrostis 
capillaris) and Fabaceae, e.g. Lotus corniculatus, Medicago suffruticosa and Trifolium 
montanum, T. pratense and T. repens (Armas et al., 2020). From the phytosociological 
classification (Benito-Alonso, 2006; Gómez, 2008), the Nardus-mat grasslands belong 
to the alliance Nardion strictae Br.-Bl. 1926, and the chalk grasslands correspond to 
Bromion erecti, W. Koch 1926, also known as Potentillo montanae-Brachypodium 
rupestris Br.-Bl. 1967 (San Miguel, 2001). Our preliminary studies showed that the 
spatial distribution pattern of both grasslands may be linked to some chemical 
properties of the soil at the root system thickness (Badía et al., 2002a; Badía et al., 
2008a; Armas et al., 2020). 
 
 
3 Materials and methods 
 
3.1. Mapping methods 
 
 A geomorphological map, containing geological information, has been 
performed to know the characteristics and evolutionary processes of the relief, paying 
special attention to the extensio  and morphology of the cumulative levels and the 
disposition of karst forms. The map was made according to the criteria established by 
Peña-Monné (1997) using ArcGIS 10.5. The topographic base was obtained from the 
digital terrain model - MDT02, 2nd Coverage (2015-Present) resolution 2 m, ASCII 
format (.asc), ETRS89 coordinate system, available at the National Geographic 
Information Center (CNIG). Geological information has been obtained from two 
geological maps: sheet 178 at Scale 1:50,000 (Ríos Aragüés et al., 1982) and map scale 
1:25,000 (Samsó-Escolà and Robador-Moreno, 2018). 
 
3.2. Soil sampling and analyses 
 
 Five profiles were dug and sampled in each cumulative level by pairs (side by 
side): in the L1 covered by Nardus mat-grasslands and in the L2 beneath chalk 











characteristics of each soil horizon were reported (FAO, 2006). Soil samples were air-
dried and sieved (mesh size 2 mm) to determine the percentage of gravel (> 2 mm) and 
fine earth (< 2 mm). Laboratory analyses were performed on the fine earth fraction 
(Bitterlich et al., 1999). Soil pH was determined from potentiometric measurements of a 
1:2.5 (w/v) suspension of soil and water (current pH or pH-H2O) and with 1N KCl 
(potential pH or pH-KCl) as well as exchangeable acidity (McLean, 1982). The 
electrical conductivity (EC) was measured in a 1:5 soil-to-water ratio to determine the 
amount of soluble ions (Rhoades, 1982a). The total carbonate in the fine earth fraction 
was measured volumetrically (calcimeter) using a dissolution procedure (6N HCl) that 
evolves carbonate in the sample to CO2 (Nelson, 1982). The cation exchange capacity 
(CEC) and exchangeable base cations were determined by ammonium (NH4
+
) retention 
after leaching with a neutral solution of 1N NH4OAc (Rhoades, 1982b). Soil organic 
carbon (SOC) was determined by the wet oxidation method (Nelson and Sommers, 
1982). From these data, the carbon stocks (kg SOC/m
2
) of the soil profiles were 
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where m is the thickness (in meters) of each horizon. 
 
 Moreover, total C and N, as well as its bulk isotopic composition, were analyzed 
by dry combustion in a Flash 2000 elemental micro–analyzer (Thermo Scientific) 
coupled via a ConFlo IV Universal Continuous Flow Interface (Thermo Scientific) to a 
Delta V Advantage isotope ratio mass spectrometer (Thermo Scientific, Bremen, 
Germany) as was previously detailed (Girona-García et al., 2018). The total C 
measurements correspond to total organic C (TOC) when carbonates are absent. 
Isotopic ratios are reported as parts per thousand deviations (expressed as δ values) with 
respect to the appropriate IAEA standards (VPBD and V–Air for C and N, 
respectively):  












where R is the 13C/12C or 15N/14N ratio.  
 




N were typically less than ± 0.05‰ and ± 




N values can be related to changes in 
the rainfall regimes and in the vegetation or land-uses, i.e. forest, grasslands and 
agricultural crops and their management (Pardo and Nadelhoffer, 2010). 
 Fine earth fraction particle size distributions were determined by the 
discontinuous sedimentation method after removal of organic content with H2O2 (30%) 
and clay dispersal with 5% Na-hexametaphosphate (Gee and Bauder, 1986). The coarse 
sand fraction ranged from 2000-500 µm, fine sand from 500-50 µm, coarse silt from 50-
20 µm, fine silt from 50-2 µm and clay is<2 µm in bulk diameter. Soil samples of each 
layer were separated in 6 different aggregate sizes (< 0.25, 0.25–0.5, 0.5–1, 1–2, 2–4 
and 4–10 mm) by manually shaking a nested column of sieves, avoiding aggregate 
destruction, to obtain fractional samples, which were weighed separately to calculate the 
mean weight diameter (MWD; Van Bavel, 1949). The stones, rarely present, were 
removed in the sieve fractions. Soil aggregate stability (SAS) was measured (in 
aggregates 1-2 mm in diameter) using the wet-sieving method (Kemper and Koch, 
1966). The water content at field capacity, FC (-33 kPa) and at the permanent wilting 
point, PWP (-1500 kPa) were measured volumetrically using pressure plate extractors 
(Richards, 1947); its difference gives us the water holding capacity (WHC). Moreover, 
unaltered soil samples were taken with steel cylinders (5 x 5 x 5 cm) to determine the 
bulk density of the topsoil. The determination of the real or particle density was 
established by a pycnometer, which with the bulk density allows us to calculate the 
porosity (Klute, 1986). 
Soils were classified according to the WRB (IUSS, 2015) and Soil Taxonomy 
(Soil Survey Staff, 2014) systems. Both taxonomies have been endorsed by the 
International Union of Soil Science (IUSS) as internationally accepted soil classification 
















 The data were analyzed using the R version 3.5.1 program. For the comparison 
of the two soils as a whole, nonparametric tests (Mann-Whitney U test) or robust tests 
(Yuen t-test) were performed for two independent samples when the data did not meet 
the assumptions of normality and homoscedasticity necessary for the application of 
parametric tests. For comparisons between soil horizons (6+4=10 groups), ANOVAs 
were performed with their corresponding post hoc analysis (Tukey test) when it was 
possible to use parametric methods. Mainly a robust analysis of variance of a factor 
(one-way ANOVA, Yuen’s t-test) was performed. This analysis is used to compare 
multiple groups, according to their cropped averages, when the assumptions of 
normality and homocedasticity are not met due to the presence of outliers. On the 
contrary, without outliers, Kruskal-Wallis nonparametric tests were performed. 
Subsequently, Tukey post hoc tests were carried out to determine significant differences 
(p = 0.05) between groups. To identify the relationships between all the measured 
parameters, the Winsorized robust correlation was performed (Wilcox, 2012). 
Correlations are indicated in the text for α = 0.01, unless otherwise specified. To check 
the relationship between CEC and organic matter and clay, linear regressions between 
these parameters have been performed. Additionally, principal component analysis 
(PCA) was carried out using XLSTAT software (v. 2015), based on the correlation 
matrix and following the standardiz tion of the data, with Varimax rotation and Kaiser 
normalization 
 
4 Results and discussion 
 
4.1 Geomorphological characterization 
 
The convex-concave slope is practically without sedimentary cover in the upper and 
lower sides where limestones outcrop, but in the middle of the slope, there is a 
cumulative level that extends in the form of fine sediment fans to the flat area (Level 
L1). This level is affected by incisions of ravines and rills and superficial solifluidal 
processes, being in many cases a residual level. A subsequent accumulation (Level L2) 
occupies the bottom of the incisions and the frontal landing, reaching the incisions in 
many cases with the flat surface of the structural landing, strongly karstified (Fig. 2). On 











genesis beneath the soil, which, once eroded, has exposed them. Some authors 
identified L1 accumulation, composed of fine sediments, such as loess deposits (García-
Ruiz and Arbella, 1981), a theory they later abandoned after sediment analysis (García-
Ruiz and Puigdefábregas, 1982); these resulted from weathering of the marls and 
limestones, being locally mobilized along the slope (Benito-Alonso, 2006). 
 
Fig. 2. Geomorphological map of La Estiva, PNOMP. The situation of the studied soils, 
sampled in pairs, in L1 and L2 cumulative levels are indicated with blue and red dots, 
respectively. 
 
 The L1 level forms a deposit of great continuity covering the slopes and valleys of 
the alpine and subalpine belts, probably all over the Pyrenees, representing a phase of 
stability that had to be accompanied by the presence of a protective plant cover. In this 
sense, Nardus stricta mat-grassland forms tussocks with a dense and interwoven stem 
and root system, which exerts certain resistance against some erosive processes 
(Löbmann et al, 2020). 
 In L1, there is neither superficial stoniness nor rock outcrops, but in L2, the 
surface cover of rock outcrops ranges from common (5-15%) to many (15-40%), and 
coarse surface fragments are common. The cumulative levels (L1 and L2) are separated 
by an erosive escarpment or unevenness approximately 1.5 m high with a slope of 55º. 
Both levels have a gentle inclination (<6º). Although the absolute ages of the upper 
cumulative level (L1) and its soils are not available, we can note that they are 
necessarily subsequent to the Last Glacial Maximum since L1 is attached to a glacial till 
of this phase existing in the area (Fig. 2). Its genesis, due to the fine sediment 
composition, can be related to the stages of intense alteration of the parent material 
during a temperate-humid stage within the Holocene, such as the Iron Age Cold Epoch 
(2.8-2.5 kyrs), whose effects are recognized in large areas of the NE Iberian Peninsula 
(Peña-Monné, 2018). According to García-Ruiz et al. (2014), the Monte Perdido has 
suffered intense glacial activity even during recent times: during the Mid Holocene 
(5.1±0.1 kyr), the Neoglacial period of the Bronze/Iron Ages and the Dark Age Cold 
Period (1.4–1.2 kyr), followed by a melting period during the Medieval Climate 




 centuries. However, the incision and loss of the cumulative L1 
rather than being related to one of those glaciations or melting phases seems to derive 











surveys in high mountain environments have revealed humanized past landscapes 
(Gassiot et al., 2016), at least since the Bronze Age (Laborda et al., 2017; Clemente et 
al., 2017). Leunda et al. (2020) found a regional opening of the landscape in the Central 
Pyrenees with an increase in herbaceous cover against forestry, ca. 3000 yrs cal BP 
onwards, which was related to an increase in the occurrence of human-induced fires. 
For this period and site (Barranco Pardina, approximately 1790 m altitude), a level of 
paleofire preserved in hillside deposits was dated to 3106 yrs cal BP (Laborda et al., 
2017). Additionally, in Massif Central, France, at 1450-1700 m altitude, mature beech 
forest was replaced by Nardus stricta grasslands by regular occurrences of fire events 
from the Middle Neolithic to the Central Middle Ages as agro-pastoral actions (Bal et 
al., 2015). In Carpathian mountains, the first signs of human disturbance appeared ca. 
4200 cal yr BP, when naturally open areas were used as alpine pastures but the lowering 
of treeline ecotone by human impact, mainly burning and grazing, was intensified after 
ca. 2600 cal yr BP (Orbán et al., 2018). Agro-pastoral clearings have also been 
postulated in the Pyrenees and the Alps with additional data (pollen, archaeology, 
ecology). On the southern slope of the Pyrenees, the natural upper forest limit reached 
up to 2100 m altitude, but it has been lowered to increase the pasture area and to extend 
the time in which grasslands are used. By palynological methods, it has been 
demonstrated that the lowering of the treeline was caused by fires set by human 
activities one thousand years ago (Montserrat-Martí, 1992). Conversely, González-
Sampériz et al. (2019) highlight that unequivocal human use and the origin of current 
alpine landscapes are located only a few centuries and not a few millennia ago. The 
intense deforestation caused by human action in search of pasture expansion has been 
related to the Medieval Era coinciding with the Medieval Climate Anomaly (MCA) 




 centuries (González-Sampériz et al., 2017; Leunda et al., 




 centuries, the 
disproportionate population density in the Central Pyrenees led to overexploitation of 
natural resources. Therefore, the Medieval Epoch could be the period when the 
cumulative level L1, which should have been a majority in the subalpine landscape for a 
few thousand years, was dismantled by gully erosion. However, we have not found 
charcoal remains that would suggest forest burnings done by shepherds in that period, 
unlike that in nearby Ebro Basin (Armas et al., 2018). A phase of some climatic 
stabilization related to the Little Ice Age (LIA, late 17th century to middle 19th 











also being dismantled under the current warm period that has reactivated the incision, 
exposing the karrenfields (Fig. 3). This type of Holocene evolutionary process bears 
some resemblance to the accumulation and incision phases described for the slopes of 
the Ebro Basin and the Iberian Mountain Range (Pérez-Lambán et al., 2014; Peña-
Monné, 2018). 
 
Fig. 3. Longitudinal section of the slope in La Estiva, PNOMP, showing L1 and L2 
cumulative levels on the geological substrates.  
 
 
4.2 Soil properties 
 
4.2.1 Morphological properties 
 Soil profiles at L2, the lower and thinner cumulative level, host simpler 
sequences with a reduced set of horizons, such as Ah-R or Ah-Bw-R. However, on L1, 
an Ah-Bw-C-R or Ah-AB-Bw-BC-C-(R) sequence indeed appears. The R-layer 
(Eocene limestones) is between 15 and 40 cm deep in the soils developed on L2 and 
between 80 and 200 cm in the soils on L1; therefore, the soils are deep or very deep in 
L1 and shallow or very shallow in L2. Over time, the cumulative level L1 can be 
partially preserved, and soil develops but is also largely eroded arising from L2; this is 
the result of the changing enviro mental conditions that lead to multiple steady states, 
as predicted by nonlinear dynamics, which propose nonlinear behaviour in soil 
landscapes (Huggett, 1988). 
 Little morphological differentiation within the profiles has been observed, both 
in L1 and L2; i.e., horizon colour is quite homogeneous. The Ah horizon is slightly 
darkened by the incorporation of organic matter, which is the most frequent colour: dark 
yellowish brown (10YR 5/2 dry and 10YR 4/2 wet) in L1, which still clears up slightly 
more (10YR 6/2 dry and 10YR 4/2 wet) in L2. However, the rest of the horizon colour 
is quite homogeneous until contact with parental material. The most frequent colour in 
the B and C horizons is pale brown (10YR 7/2, in dry, and 10YR 5/2, in wet). The limit 
between Ah and the rest of the horizons is clear and smooth but diffuses with depth. The 
Ah horizons have a granular structure, fine sized, between the dense root system of the 
grasslands, and it transforms to subangular blocky in the Bw horizons, of medium size 











massive (C horizons). Calcium carbonate (CaCO3) equivalent contents were below the 
limits of detection in most profiles, neither in L1 nor in L2, and when they rarely 
appear, they do so in small quantities (<5%) and only in the baseline horizon of the 
profile in contact with limestones (R) or related to lithological discontinuities (2C); they 
are lithogenic (geogenic, primary) but not pedogenic (secondary) carbonates. Since the 
soil profiles were derived from carbonate-rich parent material (limestones, marls, 
marlstones), the carbonates have had to be leached away, which is already a sign of 
edaphic evolution. Although carbonates removal is favourable to clay illuviation, 
morphological evidence of this process, common in humid (Kowalska et al., 2019) and 
even in semiarid environments (Badía et al., 2013), is not observed in these soils. 
 
 
4.2.2 Soil reaction and nutrients 
 The profiles studied differ in some chemical properties, specifically acidity (pH H2O, 
pH KCl and exchangeable acidity), soluble ions (EC), and exchangeable calcium (Ca
2+
), 
the dominant cation in the exchange complex (Fig. 4), that controls the base saturation 
(BS). 
 
Fig. 4. Variation in depth of pH (H2O), Ca
2+
 (cmol/kg) and soluble ions (EC, in µS/cm) 
in soil profiles of L1 and L2 cumulative levels. 
 
The pH (H2O) is acidic in the whole profile in L1 (5.6<pH-H2O<6.6) but neutral in L2 
(6.8<pH-H2O<7.4). The pH (KCl) is positively correlated (p< 0.01) with the pH (H2O). 
The soil profiles on both L1 and L2 show a consistent pH increase with depth (Fig. 4), a 
common fact in leached soils (Bogner et al. 2012). The soluble ions (EC) in L1 are 
approximately half (13.5 µS/cm < EC<63.4 µS/cm) those in L2 (40.7 µS/cm < 
EC<112.0 µS/cm). The EC shows a contrary behaviour to pH, with maximum values in 
the topsoil, which is related to the mineralization of the organic matter, a source of 







), which is negligible in the L2 soil but ranges from 
0.4 to 1.7 cmol+/kg in the L1 soil, with a maximum in the B horizons (Appendix 1). 
 Among the available or exchangeable cations, Ca
2+
 is the most abundant (3/4 of 

















content in the L1 soil is lower (7.0 < cmol(+) kg
-1
 <11.2) than that in L2 (11.8 < cmol(+) 
kg
-1 
<17.0). The calcium content, which does not correlate with the depth in either of 
the two soils, seems to have a bimodal behaviour, being greater in the surface (coming 
from the organic matter mineralization) and in the deeper horizons (from calcareous 
parent material) than that in the intermediate parts of the profiles. In contrast, 
magnesium and, especially, potassium have their maximum values in the topsoil; 
potassium content is significantly correlated with the SOC content in both the L1 soil (r 
= 0.95) and the L2 soil (r = 0.88), showing that they result from the mineralization of 
organic matter. The low cattle stocks in La Estiva do not affect the potassium content of 
either L1 or L2 soil via dung and urine inputs, unlike camping areas (Badía et al., 
2008b). For the aforementioned chemical properties, we found significant differences 
between L1 and L2 soils, taking the set of values of the horizons of each profile (Table 
1). Soil pH, Ca
2+
 and BS are parameters usually correlated to each other and, in turn, 




(Rowley et al., 2020). 
 
Table 1.  
Chemical properties significantly different among L1 and L2 soils, considering the set 
of horizons by profile (Mean ± SD). 
  
 Soil nutrient availability is reflected in the nutritional composition and the 
fodder value of the grasslands and is higher in the chalk grasslands than in the Nardus-
mat grasslands (Alonso and García-Olalla, 1997). Nardus-mat grassland, a tussock-
forming grass widely distributed in Europe (Bitterlich et al., 1999; Korner, 2003; 
Sebastiá, 2004), has an acidophilic character, as we verified in Aisa, Western Pyrenees 
(Badía et al., 2002a,b) and the Soaso of Linás de Broto, Central Pyrenees (Otal et al., 
2005). Recently, Armas-Herrera et al. (2020) reported that chalk grasslands grow in 
topsoils (sampling 0-5 and 5-10 cm soil thickness) with greater pH (pH-H2O and pH-
KCl), BS and Ca
2+
 content than that of the Nardus mat-grasslands in the PNOMP. 
Pintaldi et al. (2016), studying soil properties in a Nardus stricta subalpine hummocky 
grassland located at 2160 m altitude (Aosta Valley, North-Western Italian Alps), 
correlate the abundance of N. stricta cover with soil pH (at 0-10 cm soil depth), 
comparing hummocks (15–30 cm high) with interhummocks (i.e., the depressions 
between consecutive hummocks) generated by cryoturbation. Therefore, in hummocks, 











approximately 5.1, which was significantly lower than that in interhummocks, where 
the soil pH was approximately 5.4, with a lower N. stricta cover (from 5 to 25%). In the 
interhummocks, the main cover corresponds to forb species, such as Geum montanum, 
Arnica montana and Trifolium alpinum. Additionally, Armas et al. (2020) found a pH in 
the Nardus root zone of L1 (0-10 cm) of approximately 5.2 in the PNOMP. Instead, 
chalk grasslands growing right next to it but in L2 had a pH of 6.3. These pH values 
found in La Estiva are not as acidic as those of other alpine mountains, either by 
lithology (siliceous substrates), climate (high rainfall/evapotranspiration ratio) or 
geomorphological stability factor over time (Bitterlich et al., 1999; Sebastiá, 2004; 
Pintaldi et al., 2016). Moreover, in the Pyrenees, a calcareous massif, inputs of 
carbonates can be added to the soils. As an example, in the central Alps, annual 
additions of CaCO3 in the dust to the ground, from nearby calcareous rocks, reach up to 
1100 kg ha
-1
 (Korner, 2003). The CaCO3 contributions (coming from dust, limestones 
within or on the soil profile or the circulation of water on the calcareous parent material) 
govern soil biogeochemistry, as buffering of soil pH and providing a continued supply 
of Ca
2+
, even if they are small amounts (Rowley et al, 2020). Exchangeable cations 
measured in this study, especially Ca
2+
, show higher levels than in soils developed on 
siliceous parent material of Sierra de Urbasa (Val and Iñiguez 1981a), the Iberian Range 
(Hoyos et al. 1983; Badía et al., 2017) or the Alps (Pintaldi et al, 2016).  
4.2.3 Soil organic matter and related properties 
The surface horizon in L1, 10 cm thick, has a similar SOC content to that of the surface 
horizon in L2 soil (Appendix 3). But taking into account the whole profile, the SOC 
stock in the whole L1 profile is much greater (16.1 ± 2.4 kg SOC/m
2
) than that in L2 
(6.1± 2.5 kg SOC/m
2
), because the thickness of the L2 soil is much less than L1. These 
contents are within the range for soils under grasslands in alpine or subalpine zones 
(Korner, 2003; Bojko and Kabala, 2017). We had already found significant differences 
when comparing the same soil thickness (0-5 cm): 91.1 g SOC/kg in L1 versus 68.7 g 
SOC/kg in L2, which is related to variations in organic inputs between both grasslands 
and the biological activity of their soils (Armas et al., 2020). Additionally, in the Alps 
Pintaldi et al. (2016) found that the topsoil  (0-10 cm) TOC content of Nardus stricta 
hummocks (71 g/kg) was significantly greater than that in interhummocks (63 g/kg). 
 The SOC and other positively correlated parameters (total N, CEC) reach 











profiles with an Ab horizon, exhibiting colluviation). The CEC is solely dependent on 






=0.828; n= 29; P<0.001   (4) 
CEC (cmol(+) kg
-1
)=0.033 (% clay)+9.154; R
2
=0.007; n= 29; P>0.05   (5) 
 
Similar results were previously obtained for the soil profiles from Aísa and Ordesa 
(Badía et al., 2002a) and for the Ecomont experimental site of Fragen (Badía and Martí, 
1999), all located in the southern Pyrenees. If we consider an intermediate quality of 
organic matter (200 cmol/kg) and according to the aforementioned relationships, the 
CEC of clays range from 10 to 40 cmol(+) kg
-1
; pointing to mainly illite clays. The fine 
silt fraction of these soils can also be a source of exchange capacity, easily 
predominating over the clay fraction (Wilson, 2019). 
 As found in other grasslands, SOC was positively correlated (p<0.01) with total N 
and the content of main nutrients (Badía and Martí, 1999; Cao et al., 2013). In a 
previous study, Armas et al. (2020), comparing the same soil depth (0-5 cm), found 
significant differences (p<0.05) in C/N ratio, higher in L1 (13.0) than in L2 (10.8). 
Additionally, Pintaldi et al. (2016) found that the C/N ratio in the topsoil (0-10 cm) of 
Nardus stricta hummocks had a significantly greater value than that in the 
interhummocks (13.8 versus 12.9) in the Alps; they found a higher content of N-NO3
-
 in 
the soils of interhummocks than in hummocks. In both locations (Pyrenees and Alps), 
this fact was related to differences in grassland species composition, which contributed 
to the different qualities of the organic matter. In fact, Pintaldi et al. (2016) verified a 
faster decomposition of forbs in nutrient-rich interhummock topsoils compared to that 
of podzolized hummock positions and an overall slower decomposition rate for Nardus 
litter. 
 








N ratio ratio in soil profiles 
of L1 and L2 cumulative levels. 
 









N ratio) is lighter in L2 soils than in L1 soils 
(Table 1). Isotopic enrichment is observed with depth for both soils (Fig. 5). It is known 
that SOC is progressively 
13













usually increase with soil depth (Zech et al., 1997; Brunn et al., 2014). Therefore, the 
observed δ
 13
C enriched values with depth, both in L1 and L2 soils, may be an evidence 
of further evolution of the organic matter. For L1 δ
13
C values remain fairly constant 
with depth (10 - 80 cm) and only a substantial C enrichment is observed at depths below 
80 cm, probably this is due to the influence of the presence of particularly isotopically 
enriched inorganic C from the parent rock carbonates (Appendix 4). 
Lower δ
15
N vales were found in L2 than in L1, which can be related to changes in plant 
species composition (Pardo and Nadelhoffer, 2010). In fact, this is in good agreement 
with the presence of a higher proportion and variety of nitrogen fixing species 
(Fabaceae) in the L2 soil, such as: Anthyllis vulneraria L., Lotus corniculatus L., 
Medicago suffruticosa Ramond ex DC., Oxytropis neglecta Ten., Trifolium montanum 
L., T. pratense L., and T. repens L. (Armas et al., 2020), adding 
15
N depleted biomass to 
L2 soils. Also δ
15
N enrichments at soil depth are attributed to the strong isotopic 
fractionation that occurs during ammonification, nitrification and denitrification 
processes, resulting in δ
15




 and N2O) and the consequent N
15
 
enriched residue (Makarov, 2009); this may explain the δ
15
N enrichment observed with 
soil depth. Similarly, Pintaldi et al (2016) found a higher content of mineral N in 
cryoturbed soils of interhummocks than that in Nardus-hummocks in subalpine 
grassland of the Alps. Also bioturbation processes (by wild boards, moles, ants, etc) 
increase the mineralization of the organic matter and N availability. For instance, wild 
board tuning over the soil looking for underground feeding resources, increases NO3
-
-N 
availability and phosphorous (Bueno et al., 2013). Also, yellow meadow ant (Lasius 
flavus) mound building activity alters the physico-chemical properties of grassland 
soils. Specifically, a depletion of readily soluble and labile organic matter and an 
increase in EC, pH and base cations has been found in the ant mounds, at 0-5 cm soil 
depth (Ehrle et al., 2019). These authors note that these effects are more pronounced in 
some soils, ie: Haplic Stagnosol and an Umbric Leptosol, than in others, ie: Stagnic 
Luvisol and Stagnic Leptosol, which relates to the stronger contrast between topsoil and 
subsoil organic matter content in the former soils. Additionally, in a previous work they 
found that the ant mound development stages (young, middle-aged and fully 
developed), this mean the time factor is an important predictor of the nutritional status 
of a mound (Ehrle et al., 2017). It should be considered that the time factor for mound 
construction can be a few years, but for the cumulative levels of this study could be 












4.2.4 Physical properties 
L1 and L2 soils share many physical properties; both have high structural stability and 
porosity, especially in topsoil horizons. They also share a fine texture, very 
homogeneous throughout the profiles, that is mainly silty clay or silty clay loam (Fig. 
6). By contrast, the amount of coarse elements (>2 mm) was significantly (t = 2.39, p = 
0.037) lower in L1 (1.8%, SD = 2.8) than in L2 (8.3%, SD = 9.9), considering the set of 
horizons of each profile (Appendix 5). Stones are mainly gravel-sized and calcareous 
(limestones or marlstones), which can be a source of calcium by calcite dissolution. 
Their flat-angular shapes evidence proximity to the source area: higher areas of the 
hillside that suffer strong erosive processes. 
 The main difference in physical properties is related to the thickness of the soil 
profile, which is always greater than 50 cm in L1 and less in L2. Due to these 
differences in effective profile thickness, the WHC ranges from moderate to very high 
in L1 (always higher than 150 mm/profile) and from low to very low in L2 (always 
lower than 100 mm/profile). The parameters related to water retention (FC, PWP) are 
greater in the topsoil horizons of both sites due to their high organic matter content and 
the aforementioned textural homogeneity with depth (Appendix 6). 
 
Fig. 6. Textural classes for soil horizons analyzed within the USDA-SCS soil textural 
triangle; in blue, horizons (n = 29) belonging to L1 soils and in red, horizons (n=17) 
belonging to L2 soils. 
 
 SAS is very high (>90%) in both the L1 and the L2 soils up to 40 cm depth, at which 
it decreases (Appendix 7). MWD, which is very fine in the topsoil, increases with soil 
depth. Both MWD and SAS were significantly (p<0.01) correlated with SOC, with the 
first positively (R=0.77) and the second negatively (R=-0.83). It is well known that 
SOC enhances aggregation through the bonding of primary soil particles as well as 
cations (Bronick and Lal, 2005). The porosity, also related to the aforementioned 
parameters, has similar ranges for the L1 soil and the L2 soil (65.5 < %, v/v <48.6).  
 
The relationships between soil properties can be visualized in the PCA, where, 
moreover, we have a synthetic view of the samples of all horizons of the L1 and L2 











variance observed. The first component represents a gradient related to SOC and related 
properties, that is, surface horizons in relation to subsurface horizons. The second axis 
shows a gradient related to soil reaction and divides the samples of the acid L1 soils 
from L2 samples. Some subsurface horizons of L1 are similar to L2 horizons, which 
could indicate that the dismantling of soil/level L1 gives rise to L2 (Fig. 7). 
 
Fig. 7. Principal Component Analysis (PCA): diagram of the factorial loads in the first 
two axes of the soil properties (left graph) and the horizons (right graph) of L1 and L2 
soils. For left graph, soil properties abbreviations have already been indicated in the 
text. For right graph, in the horizons of the L1 (N, Nardion) and L2 (B, Bromion) 
profiles (1, 2 and 4), the letters indicate the most superficial (a) to the deepest horizons 
(b, c ... f). 
 
4.3 Soil formation and classification 
 Soil forming processes in La Estiva include weathering and accumulation of 
organic matter. Since the parent material in th  study site is mostly calcareous rocks 
(marls, limestones, marlstones), calcite weathering (carbonation) is the main alteration 
process. Dissolved carbon dioxide from the activity of microorganisms and roots and, to 
a lesser extent, from rainwater forms carbonic acid, which dissolves the calcite in rocks 
and leaves a fine silicate residue. Because precipitation inputs to the soil exceed losses 
by evapotranspiration in the study site, the solutes move downward, and they are 
leached from the soil (lixiviation). In fact, carbonates are found in very few profiles and 
only in deep horizons and in a small amount (<5%). The percolating water descends 
until it comes into contact with the limestones (R layer) that, if compact, generate 
occasional reduction processes in horizon C. 
 Soil forming processes result in different sequences and diagnostic horizons, 
mainly Ah-Bw-C-R in L1 and Ah-(Bw)-R in L2. Genetic horizons Ah do not meet the 
criteria that allow them to be diagnostic horizons. By colour and thickness, they do not 
become mollic or umbric. However, they seem to evolve with time and geomorphologic 
stability toward mollic or umbric horizons both in the Alps (Rowley et al, 2020) and in 
the Pyrenees (Badía et al., 2002b). Specifically, in nearby areas (Cuello Arenas), the 
current topsoil horizons evolve toward umbric horizons for the L1 soil with Nardus-mat 












 The genetic Bw horizons with a silty clay or silty clay loam texture, strong 
subangular structure, absence of carbonates and thickness greater than 15 cm fulfil the 
requirements of the cambic diagnostic horizon. The presence of this horizon, as well as 
soil depth, has a strong influence on soil classification. According to WRB system 
(IUSS, 205), L1 soils have a cambic horizon and continuous rock at depth, although 
variable and usually greater than 100 cm from the soil surface. Since the BS is greater 
than 50 % between 20 and 100 cm from the soil surface, soils on L1 are usually 
classified as Orthoeutric Cambisol. In this case, Clayic and Humic are the most 
common supplementary qualifiers (Fig. 8). If the leaching of basic cations continues 
over time, under conditions of geomorphological stability, this soil evolves toward 
Dystric Cambisol and even to Cambic Umbrisol in the vicinity (Badía et al., 2002b); 
these types of soils fit with the low nutritional requirements of tussock grass (Nardus 
stricta) it supports (Korner, 2003). Instead, soils on L2 have continuous rock within 25 
cm of the soil surface, which includes them in the group Leptosols; sometimes the L2 
soils exceed this thickness but without reaching 50 cm, which with a cambic horizon 
takes us to a gradation of Cambic Leptosol to Epileptic Cambisol. With a soil reaction 
close to neutrality and a BS close to 100% in the whole profile, the qualifier 
Hypereutric is common to both soil reference groups, and it allows linking a soil 
property key in the presence of the type of grass it supports (chalk grasslands, which 
might well be called hypereutric grasslands). The most common supplementary 
qualifiers are Loamic and Ochric for L2 soils (Fig. 8). 
The sediments accumulated after the erosion of L1 can be the new parental material 
(pedosediments) for soil formation in L2, which can be very recent, ie from the Little 
Ice Age (LIA, late 17th century to middle 19th century), when a colder and more humid 
climate would stabilize slopes, as in other European sites (Henkner et al., 2017). 
  
Świtoniak (2014), studying a district in northeastern Poland, found that eroded 
soils overlap 39.5% of agricultural area and 2.5% of forest sites; in the case of 
completely eroded soils, soil loss exceeds 100 cm. Świtoniak (2014) found that Bt and 
Ck horizons were exhumed, which had a substantial influence on the properties of new 
surface horizons, such as texture, content of organic matter, and pH values. Something 












Fig.  8. Main soils (WRB) in the L1 and L2 cumulative levels under both types of 
grasslands. 
 
 Remarkably, these soils in their evolution over time have a double path: 1) 
stability that allows them, therefore, to acquire greater development, greater thickness, 
more genetic horizons, greater washing, etc. and 2) a path of geomorphological 
instability, which leads them to rejuvenation. As indicated by Huggett (1998), soils 
“evolve” through continual creation and destruction at all scales and may progress, stay 
the same, or retrogress depending on the environmental circumstances, such as 
anthropic activities and climate changes. 
 As with the WRB, the presence of the cambic horizon and the thickness of the 
soil are key in the first categories of soil taxonomy classification (USDA). In L1, with a 
cambic horizon with its upper boundary within 100 cm of the mineral soil surface 
(usually at 10 cm) and its lower boundary at a depth of 25 cm or more below the 
mineral surface (which rarely occurs in L2), the soils belong to Inceptisols. At the 
suborder level, moisture and temperature regimes are required. Having no direct soil 
climate data, the approximation is established based on the atmospheric data. Because 
we assume they have a cryic soil temperature regime, without mollic or umbric horizons 
and BS (by NH4OAc) of 50% or more in the whole profile, they belong to the Great 
Group of Haplocryepts, subgroup Typic Haplocryept (Appendix 8). For those thicker 
profiles, values higher than 0.2% organic carbon (Holocene period) could be found at a 
soil depth of 125 cm, which would replace the qualifier typic by fluventic, although it is 
evident that the soil is not associated with fluvial deposits. The accumulation of SOC is 
promoted by a high Ca
2+
 availability (Rowley et al., 2018) 
  In the case of soils in L2, some of them also belong to the Great Group of 
Haplocryepts, but given the presence of a lithic contact within 50 cm of the soil surface, 
to the subgroup Lithic Haplocryept. The cambic horizon (15 cm thick) can be defined 
even in L2 soils, sometimes with its lower boundary at a depth less than 25 cm below 
the mineral soil surface, but because it is combined with a cryic temperature regime, it 
belongs to the Great Group of Haplocryepts, although in this case, to the subgroup of 
Lithic Haplocryepts. The correspondence of Leptosols (WRB) with Entisols (ST) would 
seem logical, but in this case, the coincidence of the cambic horizon (with its upper 











20 or 25 cm) with the cryic regime makes some Leptosols belong to the Inceptisols. 
Only soils with extreme thinness belong to the Lithic Cryorthent (Fig. 9). 
 At the family level, calcareous and reaction classes are used for Entisols but not 
for Inceptisols. In any case, all profiles are non-calcareous in all parts of the control 
section and have a pH (H2O) higher than 5.5 in some or all horizons in the control 
section (nonacid class, applied to Entisols). In this property, large differences between 
both classifications are observed due to the lack of detail in ST for the soil reaction or 
the BS. Although previous versions of the ST differentiate two subgroups (Eutrocryepts 
and Dystrocryepts), the current version is wider with four subgroups: Humicryepts, 
Calcicryepts, Dystrocyepts and Haplocryepts. The cryptic use of the prefix “haplo” and 
the non-application of a reaction class in the Inceptisols could be considered a deficit 
with respect to the denomination by WRB, especially for the relationship that this 
property has with the vegetation cover it supports. Both the Cryepts and the 
Cryorthents, with whom it is associated, each supposes 1% of the surface of Spain 
(Gómez-Miguel and Badía, 2016). The short formation time of these soils, although 
under a climate favourable to evolution, fits them in Entisols and Inceptisols; next, the 
use of climate, or more precisely moisture and temperature regimes, acquires great 
importance in its classification. Some authors consider that climate is overvalued in 
relation to the other soil-forming factors in defining taxa in soil taxonomy (Bockheim et 





The results confirm that two cumulative levels (L1 and L2) support soils with 
contrasting properties that give shelter to grasslands of different floristic composition 
and pastoral value: Nardus-mat grasslands (in L1) or chalk grasslands (in L2). The 
rejuvenation of the higher cumulative level L1 by gully erosion, due to the inconstancy 
of environmental conditions, either for climatic changes or for anthropic activities, 
results in a lower level, L2. The greater stability and, therefore, the time of soil 
formation in L1 explains the differences in respect to L2. 
 Soils in L1 have a significantly lower pH, a lower base saturation, and lower 
available Ca
2+
 content than those in L2, reflecting a more intense leaching process, 




















N ratio) is lighter in L2 soils than in L1, due to 
the higher proportion of legumes in L2 soils than in L1. In both levels, evident C and N 
isotope composition enrichments with depth were observed and related to organic 
matter decomposition. Moreover, the occasional presence of traces of carbonates at the 
base of L1 soil is also related to its significant δ
13
C enrichment. Unlike the chemical 
properties, physical properties were similar between L1 and L2 soils: very low rock 
fragment content, high soil aggregate stability and a silty clay or silty clay loam textural 
class, with a homogeneous particle-size distribution with depth. Instead, the soils in L1 
have a greater thickness and, thus, a higher water-holding capacity than those in L2. In 
any case, both the soil profiles in L1 and L2 levels are little evolved, evidencing their 
youth (a small number of centuries and thousands of years, respectively).  
 Concerning the mentioned properties and processes, two main reference soil 
groups (WRB) are defined: Cambisols (L1) and Leptosols (L2). So, over L1 the main 
soil is classified as Orthoeutric Cambisols (Clayic, Humic), with Nardus mat-
grasslands, and the soil over L2 as Hypereutric Leptosols (Loamic, Ochric), with chalk-
grasslands; in the latter case, hypereutric grasslands would be a more accurate name. 
The Soil Taxonomy System (USDA), because of the use of the temperature regime, 
classifies both soils as Haplocryept, at the level of Great Group, separating them at the 
subgroup level as Typic Haplocryept (L1) and Lithic Haplocryept (L2), according to the 
depth at which limestone appears (lithic contact).  
 Definitely, the geomorphologic context is linked to the pedodiversity, which 
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Table 1.  
Chemical properties significantly different among L1 and L2 soils, considering the set of horizons by 
profile (Mean ± SD). 
 
  Soil profile in     
Soil property L1 L2 P value Test 
pH (H2O) 1:2.5 6.0 ± 0.4 7.1 ± 0.2 <0.001 t 





(cmol(+)/kg) 1.1 ± 0.6 0.02 ± 0.02 <0.001 t 
EC 1:5 (µS/cm) 29 ± 7 73 ± 10 <0.001 t 
Exc. Ca
2+
 (cmol(+)/kg) 8.5 ± 1 13.8 ± 2 <0.001 Mann-Whitney U 
Base Saturation (%) 65 ± 7 92 ± 5 <0.001 Mann-Whitney U 
δ
13
 C (‰)  -24.76 ± 1.34 -25.93 ± 0.66 =0.002 Mann-Whitney U 
δ
15
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1. Cumulative levels (L1 and L2), with different age, allow the formation 
of soils with contrasted properties 
2. L1 soil, with Nardus-mat grasslands, is more acidic than L2 soil, with 
chalk grasslands  
3. The δ15 N is lighter in L2 soil than in L1 soil, due to higher legume 
proportion in grasslands 
4. The erosion of the Orthoeutric Cambisol (in L1) leads to the 
Hypereutric Leptosol formation (in L2) 
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